Objective-To investigate factors during isovolumic relaxation that determine Doppler filling patterns in patients with left ventricular disease, and thus to identify the underlying mechanisms.
ratio, acceleration of the E wave, digitised M mode indices of incoordinate relaxation (change in cavity dimension before mitral valve opening and time from minimum dimension to mitral valve opening), isovolumic relaxation time, M mode measures of diastolic function after mitral valve opening (peak rate of posterior wall thinning and peak rate of dimension increase), and left ventricular end diastolic pressure.
Results-AIE correlated with age in normal subjects (r = 0 74), to a lesser extent in left ventricular hypertrophy (r = 0-41), but not significantly in ischaemic heart disease. In all patients, isovolumic relaxation time was significantly and negatively correlated with the acceleration of the E wave, showing its fundamental relation to the force responsible for early diastolic filling (r = -0-71 for left ventricular hypertrophy, and -074 for ischaemic heart disease, p value < 0 01). In left ventricular hypertrophy and those ischaemic patients without left ventricular dilatation A/E was correlated both with isovolumic relaxation time (r = 0-68 and 0-60 respectively), and with incoordinate relaxation (r = 065 and 0-61). In those ischaemic patients with left ventricular dilatation, the influence of incoordination was lost and isovolumic relaxation time became the dominant influence upon A/E (r = 082). Weak correlations of end diastolic pressure and RR interval with A/E, became insignificant once isovolumic relaxation time had been taken into account. Isovolumic relaxation time and incoordination together accounted for over 50% of the variance in the A/E ratio in our patients. Isovolumic relaxation time and the A/E ratio were linearly related. Patients with a short isovolumic relaxation time had evidence of considerable diastolic abnormalities, despite a normal Doppler A/E ratio. In the 16 patients who had two echocardiographic studies, changes in the duration of isovolumic relaxation were accompanied by a change in the Doppler A/E ratio. The relation between these two variables, derived from the group as a whole was similar.
Conclusions-The main factors influencing the A/E ratio in patients with left ventricular disease are two distinct properties of isovolumic relaxationnamely the duration and the extent of incoordinate wall motion. Filling pressure and RR interval are not significant independent determinants, but act only through an effect upon isovolumic relaxation time. Age is an important influence in normal people, but this effect is attenuated in left ventricular hypertrophy and lost in ischaemic ventricular disease.
(Br Heart J 1992;68:567-73)
The pattern ofdiastolic inflow into the ventricle can be conveniently studied with pulsed Doppler echocardiography, and the ratio of peak atrial to early diastolic velocities (A/E ratio) has been used by many as an index of underlying left ventricular diastolic disease.' 2 Yet the precise mechanisms responsible for filling are complex and incompletely understood. In normal individuals, age is well recognised to be the primary determinant of the A/E ratio,3-5 although in disease states it is likely that this effect will be attenuated by other overriding factors. As blood flow velocity is a function of transmitral pressure gradient, relations with left atrial or left ventricular end diastolic pres-although striking changes in filling velocities due to acute alteration of loading conditions have been documented both in animals,"' and patients.213 Disturbances of the A/E ratio and peak rapid filling velocity have been ascribed to abnormal relaxation,14-16 as well as to reduced atrial and ventricular compliance,2 17 18 whereas M mode studies have shown that in left ventricular hypertrophy, the A/E ratio may be normal in the presence of obvious diastolic disease.'9 Our study is based on previous findings that the duration of isovolumic relaxation or the rate of left ventricular pressure decline may affect early diastolic filling velocity in patients with left ventricular hypertrophy'920 or ischaemic heart disease.2' It was our aim to assess the extent to which filling velocities depended on events occurring before mitral valve opening, to identify the factors during isovolumic relaxation that might be responsible, and thus to gain insight into underlying mechanisms.
Patients and Methods

STUDY POPULATION
We studied 50 patients (42 men, eight women, mean age (range) 59 (37-81) years) with ischaemic heart disease, 35 three cardiac cycles and the mean taken. M mode echocardiograms were digitised with a Terminal Display Systems TDS 20 digitising tablet as previously described.22 Measures of incoordinate relaxation were taken as the increase in transverse cavity dimension during isovolumic relaxation expressed as a percentage of the total dimension change during the cardiac cycle, and the time interval from minimum cavity dimension to mitral valve opening. The peak rate of dimension increase (dD/dt), and the peak rate ofposterior wall thinning (dW/dt) were also derived from the digitised traces. Once again, all measurements were made on three cardiac cycles, and the mean taken.
DOPPLER ECHOCARDIOGRAPHY
We recorded Doppler signals with a Doptek Spectrascan and a 2-0 MHz transducer, and a Toshiba SSH 160A with a 3-5 MHz transducer. Peak transmitral flow velocities were identified by continuous wave from the apex, and were recorded in pulsed mode with a 3 mm gate, and 250 MHz wall filter. The peak velocities of early E wave and atrial A wave transmitral flow were recorded and the A/E ratio was calculated. The time from onset of early transmitral flow to the peak velocity was taken as acceleration time, and the peak velocity divided by acceleration time as early diastolic acceleration. The time interval of aortic closure to the onset of transmitral flow was also recorded. Records were taken with simultaneous electrocardiogram and phonocardiogram at a paper speed of 10 cm/s. All measurements were made on three cardiac cycles and the mean taken.
CARDIAC CATHETERISATION 52 patients from the two study groups underwent cardiac catheterisation as part of their routine assessment, from either the brachial or femoral approach. Pressure was recorded before left ventricular angiography with a fluid filled 7 or 8 French pigtail catheter attached to a manifold micromanometer transducer (Medex Medical), with zero taken at mid-chest level. The left ventricular end diastolic pressure was measured at the point on the pressure waveform corresponding to the onset of the QRS complex on the electrocardiogram. The mean of 10 cardiac cycles was recorded. All studies were performed within 48 hours of the echocardiographic examination.
STATISTICAL ANALYSIS
All values are given as mean (SD). Differences between mean values were compared by Student's t test. Simple and stepwise regression, multiple regression, and linear correlation were performed to assess relation between variables. Table 1 summarises the description and comparison of the subjects. The patients with ischaemic heart disease were older than the normal subjects, but no other significant dif- ferences existed with respect to age. Left ventricular end diastolic dimension was greater in patients with ischaemic heart disease ( 5 9 (1 1) cm) than both those with left ventricular hypertrophy (4-8 (1 0)) and the controls (5 0 (0 6)). The RR interval was significantly shorter in both patient groups compared with controls (800 (200) ms and 835 (140) v 930 (155)). These differences did not affect within group analysis. The mean value for peak E wave velocity was greater in patients with left ventricular hypertrophy than in both other groups (0-86 (0-31) v 071 (0 20) and 0-69 (0-17) m/s), in whom the mean value did not differ significantly. The mean value for peak A wave velocity was also greater in patients with left ventricular hypertrophy than in the controls (0-68 (0 3) v 0-54 (0-12) m/s) so that the A/E ratio did not differ significantly (0-87 (0 49) v 0 79 (0 28)), although the SD was clearly higher, reflecting the wide range of values for the A/E ratio seen in left ventricular hypertrophy. Although the A wave velocity was less in patients with ischaemic heart disease than normal (0-43 (0 29) m/s), once again the mean A/E ratio did notdiffersignificantlyfromnormal(0*72(0*60)), the high SD similarly reflects the wide range of values seen in ischaemic heart disease. The mean value for E wave acceleration in the group with left ventricular hypertrophy was not significantly lower than the other two groups. The mean values of isovolumic relaxation time seen in each group were identical (60 (35) , 60 (25) , 60 (10) ms), although the range of values seen in both patient groups was much wider than in the controls. The time from aortic closure to the start offlow was significantly longer than the isovolumic relaxation time measured as aortic closure to the point ofmitral cusp separation in all groups. This discrepancy was 25 ms in left ventricular hypertrophy and normal people, and 45 ms in those with ischaemic heart disease. This discrepancy did not significantly differ between those ischaemic patients with and without incoordinate relaxation. In both ischaemia and hypertrophy, measures of incoordination during isovolumic relaxation were greater than in the controls, both as the percentage change in dimension before mitral valve opening, and the time interval from minimum cavity dimensions to mitral valve opening. These two measures were, as expected, highly correlated.
Results
GROUP CHARACTERISTICS
Peak rates of dimension increase and posterior wall thinning were significantly reduced in both patient groups compared with controls.
WITHIN GROUP COMPARISON
Cavity size
To investigate the effect of cavity dilatation, we divided patients with ischaemic heart disease into two groups according to the end diastolic dimension. Those with left ventricular dilatation were younger and with a significantly reduced shortening fraction, but there were no other significant differences between the two groups in terms of Doppler or M mode indices of diastolic function. Indices of diastolic function in both subgroups were significantly different from normal (table 2) . Figure 1 shows that the isovolumic relaxation time and the Doppler A/E ratio for all patients with left ventricular disease were linearly related. When subdivided into two groups depending on isovolumic relaxation time, those with shorter values had significantly less incoordination and a greater peak rate of dimension increase. Importantly however, both subgroups had M mode indices of diastolic function that were significantly different from normal (table 3) . In patients with ischaemic heart diseases, the regression equation was:
Isovolumic relaxation
A/E = -0-128 + 0 011 IVRT + 0 009% change before mitral valve opening; R2 = 52% In left ventricular hypertrophy, it was:
A/E = -0095 + 0011 IVRT + 0017% change before mitral valve opening; R= 60% The time between the two studies was 6 (5) months. Figure 2 shows the findings in the seven patients with the greatest changes. Some patients had increased isovolumic relaxation time and Doppler A/E ratio, and conversely, those whose isovolumic relaxation time got shorter had a reduced A/E ratio. Figure 3 shows the relation between the magnitude of change in isovolumic relaxation time and the magnitude of change in the A/E ratio for all patients. These striking changes occurred without any evidence that the underlying diastolic properties of the left ventricle had changed (table 5) . There are an increasing number of publications relating isovolumic relaxation with early filling velocity, peak filling rate, or the A/E ratio in hypertrophic cardiomyopathy,20 coronary artery disease,2' left ventricular hypertrophy,'9 and dilated cardiomyopathy.23 In the study on dilated cardiomyopathy, as in this study, A2 to mitral cusp separation Was used to measure isovolumic relaxation time. The discrepancy between this and the time interval of A2 to the start of flow on Doppler has been shown to be 25 ms, on average, in controls and in left ventricular hypertrophy, and 50 ms in dilated cardiomyopathy. 24 We have now shown that in ischaemic heart disease as a whole, this discrepancy is 45 ms. Furthermore, we were unable to show any significant differences in this discrepancy between those ischaemic patients with and without incoordination, suggesting that the primary effect of the disturbance is to delay mitral valve opening itself, rather than the start of transmitral flow once the valve has opened. In the present study we were able to show an effect not simply on peak early diastolic flow velocity but on the peak initial acceleration of blood during early diastole. Further, the influence of isovolumic relaxation could be resolved by stepwise regression analysis, into two discrete components: isovolumic relaxation time itself and the extent of incoordination during isovolumic relaxation. Both were independently significant in patients with left ventricular hypertrophy or ischaemic heart disease with normal cavity size. We have already shown the importance of incoordination in affecting rapid filling during early diastole,25 and the results of our patients with ischaemic heart disease and normal cavity size are entirely compatible with this study. In those ischaemic patients with cavity dilatation, however, isovolumic relaxation time was the only influence upon the A/E ratio. This was not due to a lack of incoordination in the patients with dilated ventricles; on the contrary, they had particularly incoordinate ventricles. This association between isovolumic relaxation and filling was very significant in all three patient groups with values of R2 (and thus the proportion of overall variance of filling pattern accounted for) consistently above 50%. This implies that events before rather than after mitral opening, were the dominant determinants of both the initial acceleration of blood into the left ventricle, and of the A/E ratio of these patients with ventricular disease.
By definition a force is that which causes acceleration. In being so closely associated with initial acceleration, therefore, events during isovolumic relaxation must also be closely related to the forces causing blood flow from the left atrium to the ventricle-that is, to the atrioventricular pressure gradient. Several potential mechanisms exist to explain this connection. Isovolumic relaxation time itself has already been shown to be closely related to left ventricular filling pressure,26 which may partly explain our findings. This simple relation, however, would not account for the additional effect of incoordination during isovolumic relaxation. Incoordinate wall motion is due to asynchronous termination of systole in different regions of the ventricle.27 Clearly, this cannot be assessed in detail from the ventricular pressure pulse, but its overall effect is likely to slow the rate of fall ofpressure, and thus to prolong isovolumic 
